Introduction
A growing body of literature indicates the effects of sleep on health, ability to function, and quality of life (Alapin et al., 2001; CDC, 2007; Elmenhorst et al., 2008; Hamilton et al., 2007; Hanel, Dartman, & Shishoo, 1996; NIH, 2003a NIH, , 2003b Roberts, Roberts, & Duong, 2008; Van Dongen, Maislin, Mullington, & Dinges, 2003) . A comfortable mattress is commonly assumed to be an essential ingredient in a good night's sleep (Better Sleep Council, 2008b) . However, we have little understanding of the effects of sleep surface on sleep outcomes such as daytime drowsiness or energy. Moreover, most studies devoted to testing the effects of sleep surface on sleep have been hampered by methodological shortcomings; these include having small numbers of subjects and evaluating a narrow array of bedding systems (Lopez-Torrez, Porcar, Solaz, & Romero, 2008) .
When trying to select a comfortable mattress, or one that will provide optimal sleep, consumers confront the decision to choose from among several mattresses. Sources of information easily accessible to laypersons (see for example reports by the Better Sleep Council, 2008b; and Consumer Reports, 2005) essentially tell consumers to trust their own judgment. In other words, consumers are told to base their decision on an in-store experience of lying on, sitting on, and feeling the mattresses. Unfortunately, the scientific literature is not much more helpful to health care providers who might wish to offer guidance to the layperson choosing a mattress. This literature has been silent on the extent to which individuals should evaluate a mattress, or whether they are capable of selecting the mattress that leads to best outcomes, such as quality of rest, reduced drowsiness, or increased daytime energy. In addition, we found that the current literature typically suffers from three shortcomings that have deprived experts and laypersons alike of this knowledge (Krystal, Edinger, Bieler, Mladsi, & Hogan, 2011) . These deficiencies are that most studies of mattress effects on sleep have relied on (1) a small number of people enrolled in the study, (2) a narrow array of test mattresses, 1 and (3) a narrow focus on individuals suffering from a chronic sleep ailment of some sort.
To help address this deficiency in knowledge, we recruited a sample of 128 healthy adults (referred to as subjects, participants, or individuals) and asked them to sleep on an array of seven mattresses for up to 1 month each. We recorded measures of overnight motion (with a sensor called an actigraph), and participants completed diary reports of sleep quality and daytime function. According to the collected data, individuals vary substantially in the degree of mattress firmness that reduces their morning pain and optimizes their sleep experience and subsequent daytime functioning (Krystal et al., 2011) . Along with validating the methods of measurement, we reported that a slight increase in sleep efficiency (actigraphically measured time devoted to sleep actually spent sleeping) can lead to improved quality of sleep as reported in diary observations. In this, our second report from this study, we build on the foundation of our earlier paper (Krystal et al., 2011) . For this study, we hypothesized that overnight actigraphic motion measurements (which indicate sleep and awake periods during the time devoted to sleep) and self-reported diary measures of sleep would demonstrate that an optimal mattress could be identified for an individual and that the "best" mattress would differ from person to person. We also hypothesized that changes in measured overnight motion would coincide with other measures of sleep and daytime functioning (e.g., as daytime energy and drowsiness). Finally, we hypothesized that individuals would be able to rely on conventional shopping procedures to select one mattress from among several under showroom circumstances that would lead to optimal rest. Here we address these questions. As in the last paper, we relied on a randomized, singleblind, within-subject crossover study examining multiple levels of mattress firmness in a large sample of individuals without complaints of pain or sleep difficulty.
Methods

Study Design and Sample
Our previous paper explains in detail our study procedures, sample selection, and methods of measurement. We summarize our methods here to inform readers of the basic elements of our protocol.
We recruited a convenience sample of 128 healthy adults who lived in the Raleigh-Durham area of North Carolina. Table 1 describes the age, body mass index (BMI), gender, race, and partnership status of our sample members. None of the subjects had a sleep-affecting disease, sleep-disrupting prescription drug regimen, or lifestyle that is known to interrupt sleep (e.g., frequent travel, infants to care for, overnight work shift).
( Ancoli-Israel et al., 2003; Morgenthaler et al., 2007) . The American Academy of Sleep Medicine supports the use of actigraphic measurement to identify sleep and wake periods (Littner et al., 2003) . To measure pain, sleep quality, daytime drowsiness, and other parameters, participants entered reports in an electronic diary.
Self-Selection of Preferred Mattress
Before beginning the in-home part of the sleep study, we sought to test whether the typical shopping experience would lead subjects to choose the one mattress that results in best sleep. We simulated a showroom environment where all of the subjects tried each mattress. To maintain the blind study protocol, we arranged the seven study mattresses in random order in the simulated showroom. The participants were blinded to the mattress's manufacturer, construction materials, design, and level of firmness.
We asked them to act as though they were in the market to buy a mattress and to select the one they preferred. As part of the selection process, we encouraged each participant to "test drive" the mattress. They were encouraged to lie on, feel, and evaluate the mattresses. Participants were allowed as much time as they wanted to make their selection (typically they took 10 to 15 minutes) and were able to make notes of their observations. We conducted the mattress self-selection during participant training in a laboratory located in Research Triangle Park, North Carolina.
Statistical Methods
We began the analysis by ranking the mattresses (referred to in the rest of this section as "beds"), at the participant level, according to their average amount of overnight motion on each bed. This was measured in terms of the number of minutes during which the actigraph measured motion during the night, normalized to 8 hours devoted to sleep. The measure of motion refers to the number of 1-minute intervals in which the actigraph measured any amount of motion, during the time from sleep onset to final arousal, while the subject was lying in bed. We ranked the beds for each individual from best (coded 1) to worst (coded 7), where 1 indicates that Bed j (j=1,…,7) has least average actigraphic motion for Subjects slept on each of the seven test mattresses in their own homes. The mattresses were made by the same manufacturer, ensuring consistency in materials and production processes so that the only difference evaluated would be firmness. The innerspring mattresses ranged in firmness to mirror the range typically found in the US marketplace. Each of the subjects in this study used each mattress for approximately 1 month. They were assigned to each mattress using a Latin square randomization system so that subjects were not on consecutively firmer or softer mattresses. Nothing on the mattress would have indicated to the subject the level of firmness when the bed arrived at the home.
To measure sleep duration and efficiency, participants wore a widely accepted monitor called an actigraph subject i, and 7 indicates Bed j has greatest actigraphic motion for subject i. We call the effect resulting from this mattress ranking the motion bed rank. Based on this ranking, a participant's best motion bed is the mattress with the smallest average motion minutes per night (normalized to 8 hours devoted to sleep).
We used a linear regression model to estimate and compare average overnight motion within each motion bed rank category. This analysis estimates the degree to which motion (reported in minutes) was reduced on the best motion bed as compared with other beds. To conduct the linear regression analyses, we analyzed longitudinal data from all compliant nights on all mattresses from each participant simultaneously in a general linear mixed model (Diggle, Liang, & Zeger, 1994; Laird & Ware, 1982; Lindsay, 1993) . The outcome variable was overnight motion. The main independent variable of interest-motion bed rank-was modeled as a categorical variable for evaluating the overall motion bed rank effect and as a continuous variable for evaluating a trend effect. The MIXED procedure in SAS Version 9.1.3 (SAS Institute, 2006) was used to account for the correlation of mattresses and nights within participants (Brown & Prescott, 2006; Senn, 2002) . Statistical significance refers to p < 0.05, and all p-values are two-sided.
We used a similar regression modeling approach to evaluate the effect of motion bed rank on eight key diary outcomes, except in these models we also adjusted for the participant's age, gender, BMI, ordinal day on bed, and time spent in bed (also referred to as time devoted to sleep). The diary outcomes are as follows: self-reported sleep time, number of overnight awakenings, minutes awake overnight, sleep quality, level of restedness at start of day (also referred to as well-restedness at start of day), pain upon waking (also referred to as morning pain), daytime sleepiness, and daytime energy. Sleep quality, restedness, morning pain, daytime energy, and daytime sleepiness are self-reports using a 7-point Likert-type scale from least (1) to greatest (7). Minutes awake were categorized and reported using an ordinal scale (1=0 minutes, 2=1-15 minutes, 3=16-30 minutes, 4=31-45 minutes, 5=45-60 minutes, 6=60+ minutes). Self-reported sleep time was recorded in minutes.
We evaluated the overall effect of motion bed rank and the trend across bed rank on each of the diaryreported sleep outcomes. We also performed pairwise comparisons among motion bed ranks (best motion bed vs. second-best bed; best motion bed vs. average of all others) and estimated model-adjusted means (also known as least square means) within each motion bed rank category.
An example of the linear regression equation for one sleep outcome, self-reported number of awakenings, is as follows:
where β 0 -β 12 are the regression coefficients to be estimated. The response and independent variables are defined as follows:
• Self-reported number of overnight awakenings (response variable measured by the diary, for subject i, bed j, night k).
• Motion bed rank (coded 1-7 for subject i, bed j, modeled as categorical or continuous, depending on whether the hypothesis is to evaluate an overall effect of motion bed rank or to evaluate trend across motion bed rank).
• Ordinal day on bed (this measures the acclimation effect, coded 1 to number of days on bed, modeled as continuous, for subject i, bed j, night k).
• Time in bed (amount of time devoted to sleep, in minutes, as determined by actigraphy, modeled as continuous, for subject i, bed j, night k).
• Age (in years at entrance into study, modeled as continuous, for subject i).
• Gender (coded 1 for males, 0 for females, for subject i).
• BMI (body mass index, or weight/height 2 , modeled as continuous, for subject i).
• Study period (Latin square crossover design variable, coded 1-7, modeled as categorical, for subject i, bed j). In addition to ranking the beds by overnight motion, we also ranked the beds within subject by their average self-reported sleep quality on each bed (averaged over the nights that the subject slept on the bed). Higher values of self-reported sleep quality indicate better sleep on a 7-point scale. Based on this ranking, a participant's best sleep quality bed is the mattress with the highest average sleep quality score. We carried out a similar set of regression analyses as previous, replacing motion bed rank with a ranking based on self-reported sleep quality. Sleep quality bed rank is modeled as continuous (one regression coefficient) for evaluating trend, and modeled as categorical (six regression coefficients) for all other hypotheses.
Participants' Self-Selection of "Best" Mattress
In the final part of this analysis, we turned our attention to whether the participant's showroom "test drive" provided a means of choosing a mattress that predicts best sleep for that individual. More specifically, we evaluated whether the mattress that individuals had said they would choose for themselves agreed with their optimal mattress as determined by actigraphy and separately by reported sleep quality. Self-reported sleep quality is based on diary reports of sleep quality during his or her inhome testing.
To accomplish this, we estimated the kappa measure of agreement 2 (Agresti, 2002) between the selfselected bed and the actigraphically determined best bed for each individual and also between the self-selected bed and self-reported best sleep quality bed for each individual. We also estimated the kappa measure of agreement between the self-selected bed and the top 3 best motion beds, based on the observed vs. expected percentage of participants for which the self-selected bed is among the motion bed ranks of 1, 2, or 3 for the participant. Finally, we estimated the mean and median motion bed rank associated with an individual's self-selected bed. As in our prior report, the analyses focused on the 128 participants who successfully completed the study (Krystal et al., 2011) . The previous report provides complete details on our approach to including or excluding individual observations for analysis.
Results
Actigraphically Determined Bed Ranking (Motion Bed Rank)
The best motion bed was relatively evenly distributed across mattresses in our sample. Figure 1 depicts the frequency distribution of the actigraphically determined best bed across mattresses. Table 3 presents the results of the regression modeling (SAS MIXED procedure). The first row of that table determines the extent to which actigraph-measured motion per night is lower on the best motion bed compared to other beds. The results in the columns labeled Bed Rank 1 through Bed Rank 7 report the (model-adjusted) means for actigraphic and diary measures. The Bed Rank 1 column indicates that the mean overnight minutes of motion per 8 hours was slightly more than 54 minutes on the actigraphically determined best bed (Bed Rank 1). The Bed Rank 7 column reports that on average, actigraphic measurement found nearly 69 minutes of overnight motion on the worst bed (Bed Rank 7). This is a difference of 15 minutes and is statistically significant (p=0.0001).
In Table 3 , the rightmost column indicates that the best motion bed on average is associated with 3.26 fewer minutes of motion than the second-best bed. This difference is statistically significant (p = 0.0001). This column also reports that the best bed is associated with 8.3 fewer minutes of motion than the average of all other beds in the motion ranking (second through seventh), and this, too, is statistically significant (p=0.0001).
Although the differences in total motion are numerically small, analysis of the effect of motion bed rank on diary outcomes indicates that the bed with lowest motion was significantly associated with better sleep quality, better feeling of restedness at the start of the day, improved daytime energy, fewer nighttime awakenings, and fewer minutes awake.
Self-reported sleep quality was significantly improved on the bed with the least overnight motion compared with the bed with the second-lowest motion (p=0.0048) and with the average of all other beds (p=0.0010). In addition, sleep quality decreased linearly with bed rank (p=0.0001). Average scores for sleep quality ranged from 5.13 on the best motion bed, to 5.05 on the second-best bed, to 4.99 on the worst bed, out of a Likert-type scale of 1 (not at all good) to 7 (very good).
Self-reported level of restedness was significantly improved on the best motion bed compared with the average of all other beds (p=0.0193), and restedness also decreased linearly with bed rank (p = 0.0078). Average scores for restedness ranged from 4.91 and 4.87 on the best and second-best motion beds to 4.81 on the worst bed, out of a Likert-type scale of 1 (not at all rested) to 7 (very well rested).
Self-reported daytime energy increased linearly with bed rank, such that daytime energy tended to increase in beds ranked higher on actigraphic sleep (p=0.0016). However, daytime energy on the best motion bed was only marginally increased when compared to the average of all other beds (p=0.0574).
The average score for daytime energy ranged from 4.90 and 4.88 on the best and second-best motion beds to 4.81 on the worst bed, out of a Likert-type scale of 1 (not at all energetic) to 7 (very energetic). Self-reported number of nighttime awakenings were significantly reduced on the best motion bed compared with second best (p=0.0039) and compared with the average of all other beds (p=0.0015). The reduction in awakenings were also linearly related to motion bed rank (p<0.0001). The average number of nighttime awakenings ranged from 0.91 and 0.99 on the best and second-best motion beds to 1.05 on the worst bed.
Self-reported number of minutes awake overnight was also significantly reduced on the best motion bed compared to the average of all other beds (p=0.0002), and the reduction in minutes awake overnight was also linearly related to motion bed rank (p<0.0001). The average number of minutes awake overnight (categorized in 15-minute increments from 1=0 minutes, 2=1-15 minutes,…, 6=60+ minutes) ranged from 1.72 and 1.76 on the best and second-best motion beds to 1.88 on the worst bed. e Means within levels of motion bed rank are not adjusted for any covariates. They are included as descriptive information.
NOTE: Bed Rank 1 indicates least overnight motion measured by actigraphy, and Bed Rank 7 indicates greatest motion measured by actigraphy. All analyses carried out using the SAS MIXED procedure. Table 4 reports the results of a similar analysis identifying the "best bed" as determined by the diary measure of overnight sleep quality. In the first row of the table, the columns labeled Bed Rank 1 through Bed Rank 7 report self-report sleep quality means along the Likert scale where 1 is worst sleep quality and 7 is best. On average, all bed ranks rate above the midpoint (4), with the best sleep quality bed on average rated 5.6 on the scale and the second-best rated 5.41. The lowest rating bed had a sleep quality score of 4.32. The far-right column indicates an average increase of 0.19 (3.5 percent improvement) in sleep quality between the best and second-best sleep quality bed (p<0.0001). This column also indicates an increase of 0.65 (13 percent improvement) in sleep quality on the best bed compared with the average of the remaining bed ranks (p<0.0001). Sleep quality decreased linearly with bed rank (p<0.0001).
Sleep Quality Bed Ranking
Most importantly, there was a significant relationship between sleep quality bed rank and actigraphic b Bed Rank 1 minus Bed Rank 2: Estimated difference, SE, and p-value (2-sided).
c Bed Rank 1 minus average of Bed Ranks 2-7: Estimated difference, SE, and p-value (2-sided).
d Linear trend across Bed Ranks (1=Best, 7=Worst): Estimated slope, SE, and p-value (2-sided).
e Means not adjusted for any covariates. They are included as descriptive information.
NOTE: Bed Rank 1 indicates highest sleep quality measured by diary, and Bed Rank 7 indicates lowest sleep quality measured by diary. All analyses carried out in the SAS MIXED procedure.
motion (p=0.0233) as well as many diary outcomes, most notably number of awakenings (p<0.0001), number of minutes awake overnight (categorized) (p<0.0001), well-restedness (p<0.0001), morning pain severity (p<0.0001), daytime sleepiness (p<0.0001), and daytime energy (p<0.0001). After adjusting for covariates, actigraphic motion minutes was significantly reduced in the best sleep quality bed compared to the average of all other bed ranks, and motion increased linearly with bed rank. The beds ranked best and second-best for self-reported sleep quality are also the two beds with the lowest level of actigraphically measured motion.
The number of awakenings and minutes awake overnight were both significantly reduced in the best sleep quality bed compared to the average of all other bed ranks, with each increasing linearly with bed rank. The number of awakenings was also significantly reduced in the best sleep quality bed compared to second best. Well-restedness and daytime energy were both significantly improved in the best sleep quality bed compared to the average of all other bed ranks, with each decreasing linearly with bed rank. Well-restedness was also significantly improved in the best sleep quality bed compared to second best. Finally, morning pain severity and daytime sleepiness were both significantly reduced in the best sleep quality bed compared to the second best bed and compared to the average of all other bed ranks, with each increasing linearly with bed rank.
Self-Selected Versus Actigraphically Determined Best Bed
We conducted a series of analyses to determine whether the mattress that individuals indicated they would choose for themselves was predictive of their optimal mattress (or mattresses) as determined by either actigraphy or self-reported sleep quality. In other words, can people predict their optimal mattress from a typical in-store experience? Results indicate that standard showroom testing does not lead individuals to select the bed that will provide their best sleep as measured by either self-reported sleep quality or actigraphic measurement over an extended period of time. Although the self-selected bed varied in our sample (see Figure 1) , it was associated with a median motion bed rank of only 4 out of 7 (i.e., mid-rank), and the same was true for self-reported sleep quality (Table 5) . Consistent with this, the kappa measure of agreement between the best motion bed and self-select bed was not significantly different from 0, indicating no additional agreement than what would be expected by chance alone (Table 6 ). Agreement between self-select bed and the top 3 best motion beds (motion bed rank of 1, 2, or 3) was also not significantly different from 0 (Table 7) , as the percentage of participants whose self-select bed was among the top 3 motion best beds was only 38 percent (vs. 43 percent expected by chance alone). This suggests that the customary showroom "test drive" in fact often leads consumers to suboptimal mattress selection. a Observed percentage of people for which self-select bed is among the top 3 best motion beds (motion bed ranks 1, 2, or 3). b Expected percentage of people for which self-select bed is among the top 3 best motion beds (motion bed ranks 1, 2, or 3). c The top 3 best motion beds are the three mattress firmness levels with the smallest average overnight motion minutes per 8 hours.
Discussion
Our prior report documented that mattress firmness has significant effects on sleep and daytime function (Krystal et al., 2011) . Very low and very high levels of firmness tended to be associated with relatively worse sleep, greater morning pain, and poorer daytime function.
Our results build on those observations. We provide here six main conclusions from our blinded, controlled study:
1. Individuals differ as to the degree of mattress firmness that is associated with their best sleep.
2. Actigraphic activity level has significant utility for identifying the best mattress for an individual (Table 3) .
3. The best bed as measured by actigraphic motion significantly minimizes self-reported number of overnight awakenings and minutes awake overnight, and significantly maximizes selfreported sleep quality and well-restedness in the morning (Table 3) .
4. The best bed as determined by self-reported sleep quality in the morning significantly minimizes actigraphic motion, self reported number of awakenings, minutes awake overnight, and morning pain severity, and maximizes wellrestedness, daytime sleepiness, and daytime energy (Table 4) .
5. People are essentially left to chance when trying to select a mattress using the generally recommended "test drive" on the showroom floor (Tables 5-7) .
6. The actigraphically best mattress was well distributed among the sample of participants and across the seven mattresses studied. These data indicate that activity level is not a reflection of mattress firmness; rather, it provides an indication of the mattress that yields optimal sleep for an individual. This is consistent with our previously reported finding that activity level was not significantly correlated with mattress firmness (Krystal et al., 2011) . Thus, our findings imply that improving sleep in many individuals by improving mattress fit is quite possible. Our results also suggest that actigraphically determined activity level may have some utility in this regard.
These observations suggest that improving mattress fit may improve sleep. Pain, daytime sleepiness, and energy level appear to be affected more by mattress firmness than by the degree to which firmness is suitable for an individual. This may reflect the fact that we excluded individuals with pain, insomnia, or daytime sleepiness from this study. Assessing the effects of mattress fit on these measures in studies that include such individuals is an important question for future research.
The mattress that individuals chose as optimal before the randomized, controlled phase of the study did not predict either the actigraphically determined best mattress or the best mattress as determined by reported sleep quality. This finding raises the possibility that the ordinary showroom experience does not lead individuals to select the mattress that results in best sleep over a more extended period. This finding should inspire study into ways in which consumers can be better equipped to identify mattresses that lead to optimal sleep, and the health benefits that come from better rest.
In summary, our study indicates that optimal mattress firmness varies among individuals and is reflected, at least to a degree, by actigraphic activity level. When allowed to test mattresses in a typical showroom experience, individuals appear to choose mattresses that do not optimize their sleep. Given that this "test drive" approach is commonplace, it would seem that most of the general public may be sleeping on mattresses improperly suited to the individual owners. This would help explain to some extent why so many Americans are not enjoying the health benefits that come from optimal rest. Sleep science could assist bedding retailers in improving their customers' sleep outcomes by developing better in-store methods of aiding in the mattress selection process.
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